ABSTRACT. ORP150 is a hypoxic stress-induced protein located in the endoplasmic reticulum. Transgenic mice overexpressing ORP150 (ORP-Tg) exhibit vacuolar degeneration in the heart. To determine whether vacuolization is present in skeletal muscle, we pathologically examined ORP-Tg mice. After 60 days of age, severe vacuolization was found in the soleus muscles of the hind legs of the ORP-Tg mice. Immunohistochemical staining of ORP150 revealed co-localization of ORP150 and vacuolization in the affected cells. Electron microscopy revealed a marked increase in the number of rough-surfaced endoplasmic reticula (rER) and distention of the cisterna. These findings suggest that overexpression of ORP150 causes accumulation of ORP150 in the rER, resulting in vacuolar degeneration in the skeletal muscle of ORP-Tg mice. KEY WORDS: muscle cell, ORP150, vacuolization.
Hypoxic insults induce various cellular responses, such as stimulation of glycolysis [21] , production of growth factors and cytokines [3, 16] and changes in gene expression [4, 12] . The 150 KDa oxygen-regulated protein (ORP150) is a hypoxia-induced protein that was initially discovered in EMT6/Ro in 1986 [6] . Sequential studies have revealed that ORP150 is a human orthologue of hamster 170 kD glucoseregulated protein (GRP) and mouse CBP-140 [17] . Since the sequence of carboxy-terminal Lys-Asn-Asp-Glu-Leu (KNDEL) in ORP150 resembles Asp-Glu-Leu (KDEL) in GRP78 and GRP94 in GRP78 and GRP94, a signal to retain the resident proteins in the endoplasmic reticulum (ER), ORP150 seems to be an ER resident protein [13, 14] . We have previously generated transgenic mice overexpressing ORP150 (ORP-Tg), which is driven by the beta actin promoter. Although ORP-Tg exhibit growth retardation and vacuolar degeneration in the heart with advancing age [9] , the changes in skeletal muscles have not been reported. To determine whether vacuolization exists in skeletal muscle, we pathologically reinvestigated the ORP150 transgenic mice.
Transgenic mice were generated as previously reported [9] . Briefly, human cDNA of ORP150 and enhanced green fluorescent protein (EGFP) were cloned into expression vector with human cytomegalovirus immediate early enhancer (hCMV-IE) and chicken β-actin promoter, pCAGGS [18] . The transgene fragments were then coinjected into fertilized eggs from BDF1 mice (SLC, Japan) mated with male C57BL/6J mice (SLC) and transferred into the oviduct of pseudopregnant ICR mice (SLC). Ten to 20 injected eggs were implanted per mouse, and 2 to 3 mice were housed in each plastic cage in an air-conditioned room under specific pathogen-free conditions. After PCR screening of their genomic DNA, founder mice were bred with the strain of ICR mice (SLC) to obtain later descendants. We confirmed generation of three different lines of transgenic mice (strain 63, 8-8 and 8-11) , and the expression levels of the transgene of strains 63 and 8-8 were similar [9] . We then conducted the following examinations with the offspring of 6-10 generations of transgenic mice from these two lines. These experiments were performed in accordance with Japanese laws concerning the protection and control animals and the guidelines for animal experimentation according to the scientific and ethical consensus of the Japanese Association for Laboratory Animal Science. Mice were used for morphological examinations at 30, 60 and 120 days of age. After taking their body weights, 39 transgenic mice and 44 littermates were euthanized under deep ether anesthesia and sacrificed. Muscular tissues, including soleus muscles, were fixed in Bouin's solution, cut in paraffin at 4 µm and stained with hematoxylin-eosin (H-E) for general histology. Sections were also stained with anti-ORP150 rabbit antibody [25] to verify overexpression of transgene and localization in the muscular tissue using a labeled streptavidin biotin technique (Dako LSAB Kit, Dako Japan, Kyoto, Japan). For electron microscopy, soleus muscles removed from 120-day-old female transgenic and non-transgenic mice each were pre-fixed in 3.75% glutaraldehyde in 0.1 M sodium cacodylate buffer (pH 7.0) and were post-fixed in 1% osmium tetroxide in the same buffer at 4°C for 1.5 hr each. All specimens were dehydrated in a series of graded ethanol and embedded in Epon-Araldite (Taab laboratories, U.S.A.). Ultrathin sections stained with uranyl acetate and lead citrate (U-L) were examined using a Hitachi H-600A electron microscope. The data were analyzed by Fisher's exact probability test (incidence of vacuolar degeneration). P values of less than 0.05 were considered to be significantly different.
Severe growth retardation was distinctly observed during daily animal care as reported previously [9] . The avoidance behavior of the ORP-Tg mice was so weak that the mice were easy to capture when changing cages. At 30, 60 and 120 days of age, muscular tissue from ORP-Tg mice was examined by optical microscopy. The soleus muscle cells of the Tg mice underwent atrophy and vacuolation. Obvious degeneration of the muscle cells was present at 60-120 days of age, but not at younger ages, and there were no significant differences between male and females ( Table 1) . Typical lesions of vacuolar degeneration of the muscle are shown in Fig. 1a . Various sizes of vacuoles with or without eosinophilic materials accumulated in the sarcoplasm. A number of regenerating muscle cells exhibiting central nuclei and nuclear chains were encountered among the degenerative cells. No evidence of inflammatory cell infiltration was observed in any part of the muscle cells. These typical results were obtained in strain 8-8, and similar findings in terms of onset and severity were also obtained with the other strains of Tg (63). The non-Tg littermates showed no vacuolar degeneration of the muscle cells during the experimental period (Fig. 1b) . Vacuolar degeneration was verified by electron microscopy for the muscle from the 120-day-old Tg mice in which the affected muscle cells exhibited a marked increase and distention of rough-surfaced endoplasmic reticula (rER) containing amorphous materials of moderate electron density in the cisternae (Figs. 1c and 2 ). The nuclei surrounding irregular membranes had 1 or 2 prominent nucleoli with abundant granular components. The severely affected cells exhibited distinctive vacuolar lesions resulting from abnormal concentrations of elements of the rER in the sarcoplasm. The muscle cells of the non-Tg littermates exhibited normal nuclei, myofibril and other organella structures (data not shown). Vacuolar degeneration commonly took place in other skeletal muscles of the leg in the Tg mice (data not shown). To investigate the relation between overexpressed ORP150 and vacuole formation, sections were stained immunohistochemically with anti-ORP150 antibody. At 30 days of age, no ORP150 staining was observed in the muscle cells of either the Tg or non-Tg mice. After 60 days of age, ORP 150 expression was observed seen mainly in the vacuoles of the degenerated muscle cells (Fig. 2a) , while in the non-Tg mice, ORP150 was not observed in the muscle (Fig. 2b) . These results are in good agreement with those of Tg mice using western blot analysis of ORP 150 [9] .
ORP150 is an ER resident protein and is thought to act as a molecular chaperone, similar to GRPs, that engages quality control of newly synthesized proteins. Some beneficial effects of overexpression of ORP150 have been reported, e.g., the prevention of hypoxia-induced apoptosis in human embryonic kidney (HEK) cells [20] , neuronal cells [15, 24] , Purkinje cells [8] and renal tubular epithelial cells [2] and attenuation of myocardial ischemia-reperfusion injury in the rat heart [1] . ORP150 overexpression is known to ameliorate secretion of insulin [10] and VEGF [19] , suggesting that in secretory cells, ORP150 improves some of the function related to transportation of newly synthesized protein. On the other hand, excess expression of ORP150 causes impairment of the myocyte structure [9] or cerebellar function in ORP-Tg mice [8] . In the present study, we demonstrated that enhanced expression of ORP150 caused vacuolization of the skeletal muscle in Tg mice. These finding were very similar to the vacuolar degeneration in the heart of ORP Tg mice [9] . The main target organ of beta actin promoter is muscular tissue, where expression of ORP150 is extremely high in ORP-the Tg mice but less evident in the wild mice [11] . It seems likely that enforced ectopic expression of ORP150 may alter the nature of the intracellular membrane system for protein secretion in non-secretory cells. Myopathies without inflammation have been reported to be caused by gene mutation of the α-B crystallin and sarcomeric ACTA1 genes [23] , suggesting existence of unfolding protein response and induction of augmented expression of ER resident stress protein, GRP78 or GRP94 [22] . Mutant gene expressions such as Cu, Zn superoxide dismutase in the spinal cord causes vacuolization and gliosis [7] , and mutant myotilin (T57I) overexpression also induces progressive myofibrillar pathology that includes Z-disc streaming, excess myofibrillar vacuolization and plaque-like myofibrillar aggregation [5] . ORP150 is known to facilitate the secretory function of insulin [10] and VEGF [19] , and there is no evidence suggesting that overexpression in the myocyte affects apoptosis [9] . This suggests that enhanced ORP150 expression causes vacuolar changes with copious accumulation of ORP150 in the rER of the sarcoplasm of Tg mice. Replenishment of ORP150, at least, may not have a beneficial effect on myopathy based on the non-inflammatory and protein aggregation, due to the nature of yielding the vacuolization of ORP150. Proteomics studies of vacuoles caused by ORP150 overexpression may be required to characterize the similarities and differences in relation to muscular myopathy in humans. 
